Endocytotic and exocytotic processes are usually studied using particle-vesicle systems in theory, but most of them are electroneutral. Nevertheless, charged particle-vesicle systems are much closer to real biological systems. Therefore, wrapping behaviors of a negatively charged vesicle wrapping a positively charged particle are systematically investigated by a series of 2D dynamical simulations in this article. The competition between the elastic bending energy and the electrostatic energy dictates the vesicle configuration and charge distribution. It is found that only for intermediate charge concentrations and small particle sizes a vesicle can completely engulf the particle. When the charge density is high, the interaction between vesicle and particle is unexpectedly weakened by both the hardening effect of the charged membrane and the effective-transportation-frozen effect of the charged components. When the particle is strongly charged, multi-layer folding conformations are observed. These studies may provide important insights into mechanism of endocytotic and exocytotic processes in biological systems.
Introduction
The plasma membrane separates a cell from its extracellular environment to ensure the stability of the intracellular environment. A major function of the plasma membrane is to control Jianfeng Li lijf@fudan.edu.cn Hongdong Zhang zhanghd@fudan.edu.cn 1 The State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science, Fudan University, Shanghai, 200433, China the transport of materials into and out of the cell. It is generally called endocytosis and exocytosis, respectively, when large particles enter and exit cells by wrapping. Transport across the plasma membrane has been paid close attention especially in recent decades with the development of particle-based drug delivery system and the investigation of nanotoxicity and viral budding [1] [2] [3] [4] .
The biological endocytosis progress is very complicated, because there are many influences such as the concentration of the particles, the cell type, the cell environments and the physical-chemical properties of particles. Vesicles possess many similar properties as cells making them ideal model systems [5] [6] [7] [8] [9] [10] [11] [12] [13] . It is thus natural for researchers to choose the complex of a vesicle and a particle as a model system to understand the endocytotic and exocytotic processes [14] [15] [16] [17] [18] [19] . The membrane-(spherical) nanoparticle model has been studied [16, 20] and it was found that particle wrapping was influenced by both particlemembrane interaction and particle size . In addition to spherical particles, particles with complicated shapes have also been investigated [19, [21] [22] [23] [24] . For example, wrapping of ellipsoidal nanoparticles has been found to depend on the aspect ratios of the particles [25, 26] . Even though a lot of works have been devoted to the study of particle-vesicle systems, most of them deal with uncharged particles.
Nevertheless, charged particle-vesicle systems are much closer to real biological systems. Electrostatic interaction between a membrane and a particle has been investigated experimentally [27] [28] [29] [30] , but the relevant theoretical understandings of this charged system are still far from being complete. Kumar et al. have studied the effect of curvature-induced macroion condensation on the deformation of a charged vesicle [31] . Fošnarič et al. adopted Monte Carlo simulation to study the influence of the charge density of the vesicle on the size of the wrapping region, and they found that the transition from partially wrapped to completely wrapped state is discontinuous [32] . Nevertheless, the influences of particle sizes and charges on the final configuration are still not systematically investigated, mostly because exploring the full phase space of these model parameters is still, somehow, computationally too expensive for full 3D simulations of charged particle-vesicle systems.
In this paper, a charged 2D particle-vesicle system is employed to investigate endocytosis. The influences of particle size, charge density of the vesicle, area fraction of the charges, screening length and mixing free energy are studied using 2D dynamical simulations based on a discrete-variational method proposed by us [33] [34] [35] . It should be mentioned that most of the simulations in the current work neglect screening of the Coulomb interaction by counterions. Although catenoids with vanishing bending energy in the neck region cannot form in the 2D case, most of the conclusions in the current study still hold for the 3D case [23, 24, 36, 37] . In addition, the biological structure [38] [39] [40] formed by a Schwann cell wrapping over the axon of a neuron can be approximately modeled as the 2D model in this work and it will be shown that this simple model can roughly reproduce the complicated structure of the myelin.
Model and simulation
The system is modelled as a negatively charged vesicle interacting with an oppositely charged particle in a 2D plane. In particular, we assume that the charges (naturally, they are carried by the charged amphiphilic molecules) on the vesicle can freely move in the membrane described by a time-dependent Ginzburg Landau (TDGL) equation [33, 41] . In this 2D system, the vesicle shape is represented by r(s) = [x(s), y(s)] with s parameterizing the vesicle contour. Initially, the 2D vesicle is set to be a circle with radius R 2 and we fix the perimeter as 2πR 2 = 200a during deformation, where a is used as unit length in this work. The charged particle is modelled as a full circle with radius R 1 .
We assume that the vesicle is composed of two components A and B with the averaged area fractions φ A and φ B , respectively. The component B is neutral while the component A is negatively charged with the charge area density ρ A . The total number of charges on the vesicle is Q 2 = 2πR 2 ρ A φ A . The particle is positively charged with the charge Q 1 , and the charges are assumed to be immobile and uniformly distributed on the particle.
In the initial state, the two components are uniformly distributed on the vesicle. When the positively charged particle is approaching to the vesicle, the vesicle will respond to the particle by adjusting its shape and charge distribution so as to minimize the free energy.
The free energy of this system consists of three parts: the self-energy (excluding the electrostatic interaction) of the vesicle F 1 , the electrostatic interaction of charged components of the vesicle F 2 and the electrostatic interaction between the particle and the vesicle F 3 . The unit of the energy in 2D system is e 2 /( 0 a 2 ) which has been set to 1.0 (e is the elementary charge and 0 is the vaccum-dielectric constant).
The self-energy (excluding the electrostatic contribution) of vesicle can be expressed as
where the first term accounts for the bending energy where τ (s)ds = |dr(s)/ds|ds is the line element [5, 12] and H (s) is the mean curvature of the membrane which is actually just the curvature of the plane curve r(s). The second term is the Ginzburg-Landau free energy in terms of the order parameter φ(s) = φ A (s) − φ B (s), which describes the interaction between components A and B [33, 41] . φ A (s) and φ B (s) are area fractions of components A and B on the membrane segment s, respectively. In order to focus on the electrostatic interaction, we assume that the mixing free energy is relatively small compared with the electrostatic interaction, so the phenomenological coefficients a 2 is set to 0 and a 4 are set to close to 0 in most of this work. b is set to 1.0 such that A/B interfacial width is of order of a. Note that physically a 4 cannot be set to zero, but we find that a small a 4 would not quantitative change the simulating results so we numerically set this constant to zero in most simulations in this work in order not to introduce too many model parameters. The last term is introduced to impose the local incompressibility on the line element of the 2D vesicle. Following the Debye-Hückel approximation, the electrostatic interaction of charged components of the 2D vesicle can be written as [42] ,
where K 0 is the zero-order modified Bessel function of the second kind. λ D = (k B T )/(e 2 i Z i C i ) is the screening length or Debye length of the medium where is the dielectric constant of the medium and C i is the concentration of ions with valency Z i . The dielectric constant is set to = 80 0 in this paper. Note that for the 3D case, Similarly, the electrostatic interaction between the particle and the vesicle can be expressed as
where r p is the position vector of the particle center. The two components are assumed to be mobile and their dynamics can be properly described by the dissipative dynamical equations
and
where F = F 1 + F 2 + F 3 is the total energy of this system. L r and L φ are two kinetic coefficients [33, 34, 41] , which are both set to 1.0 for simplicity. As we mainly focus on the wrapping behavior of this system and the above two equations are employed to obtain the equilibrium state of the system by evolving the equations for a sufficiently long time. Equations (1-5) can be employed to properly describe the dynamics of the interaction of a 2D charged vesicle and a nanoparticle in a medium with the screening length λ D . When the screening length λ D is extremely small, the electrostatic interaction becomes short-ranged and it has been systematically studied previously [32, 33] . When the screening length λ D is large, the potential function K 0 (r/λ D ) can be approximated by ln(C/r) with C some arbitrary constant length and therefore eqs.(2-3) can be reduced to
In order to see the effect of a long-ranged electrostatic interaction, we focus on the case of large screening length in this paper. In simulations, (4) and (5) are discretized based on a discrete-variational method [33] , which has been successfully employed to study both 2D and 3D vesicles [6, [33] [34] [35] 43] . The 2D vesicle is numerically represented by 200 discrete points (The corresponding discrete points are numbered in Fig. 1i ) and the distance of two neighboring points is constrained to a. Therefore R 2 is about 31.8a. It should be noticed that, in the following context, the unit charge e has also been rescaled by a, i.e.ē = e/a, and the bending rigidity of vesicle κ is reduced asκ (κ = κ/k B T ). The time step t is set to 0.01 throughout this work.
Results and discussions

Typical evolution process
We first present typical dynamical evolution pictures of a negatively charged vesicle with total charge Q 2 = −40.0ē engulfing a positively charged particle with Q 1 = 30.0ē in Fig. 1 .
Fig. 1
A typical evolution picture of a charged particle-vesicle system. a-h Eight snapshots of the particlevesicle configurations during the evolution where α is the wrapped area fraction of the particle. i shows the numbering of discrete points s with s = 100 corresponding to the vesicle point closest to the particle in the initial configuration. I The corresponding charged component distribution along the contour of the vesicle. II Free energy difference curve as a function of the computational time. The unit of the free energy is e 2 /( 0 a 2 ).
It can be seen from Fig. 1a -h that when the particle is placed near the vesicle, the particle will be immediately attracted and easily engulfed by the vesicle due to the electrostatic interaction between these two oppositely charged objects. It is also seen from the free-energy curve ( Fig. 1II ) that there is no local minimum or meta-stable state during the evolution.
The wrapping process can also be investigated by examing the wrapping area fraction of the particle. Here, the wrapping complex is considered to the complex consisting of the wrapping membrane patch directly contacting the particle and the particle itself. The wrapping area can be read out by measuring the distance between two dots marked on the charge distributions in Fig. 1I . Obviously, the wrapping fraction increases at first (a to g) and then it levels off until a constant value (g-h) has been reached. The shape of the vesicle membrane far away from the wrapping complex is only slightly changed during the evolution indicating that the influence of the particle is quite localized. The membrane patch near the wrapping complex tends to closely contact to the particle surface. Simultaneously, the component A (the negative charge carrier) moves toward to the particle and the vesicle adjusts its shape to further reduce the total free energy. Since the wrapping complex is always positively overcharged (see Fig. 2 ), the positively overcharged wrapping complex might be able to attract layers to form the folded configuration (see Section 3.3).
Although the charged components will move towards the particle (s = 100) because of the electrostatic attractive force between the oppositely charged objects, the concentration of the negatively-charged component A near s = 100 will not always increases as the particle approaches. Instead, it decreases a little when t > 120 (comparing the curves (f-h) with (e) in Fig. 1I ). To quantify this process, we calculate the total charge q of the wrapping complex The total charge q of the wrapping membrane patch directly contacting the particle and the overcharged number q of the wrapping complex for the snapshots a-h in Fig. 1 . Note q = q + Q 1 with Q 1 the charge of the particle (q measures the total charge between the two dots marked on the charged distribution line in Fig. 1I ) as well as the overcharged number of the wrapping complex q ( q = q +Q 1 with Q 1 the charge of the particle). When t = 0, there is no contact between the membrane and the particle or wrapping complex, so q = 0. Then, |q| increases with the increasing wrapping fraction. When the particle is mostly wrapped, |q| reaches its maximum (see Fig. 1g ). However, when (g) is evolving to (h), |q| drops a little bit. This abnormal tendency that the peak of the charged concentration decreases at the late stage, is due to the repulsion of gathered negatively charged components A which will slightly push away the negatively charged component on the wrapping membrane patch.
The equilibrium configurations
By analyzing a series of dynamical simulations in terms of different relative particle sizes R 1 /R 2 and charged component fractions φ A , a wrapping diagram can be constructed ( Fig. 3) . Figure 3 consists of three configurational states: shallow wrapping state (green), deep wrapping state (pink) and complete wrapping state (blue). The corresponding typical complex configurations are also shown in Fig. 3 . The shallow wrapping state is defined as a state in which less than 50% of the particle surface is wrapped; the deep wrapping state is defined as the state that more than or equal to 50% of the particle surface but not 100% is enclosed; the complete wrapping state corresponds to the situation where the particle is completely engulfed, including both the asymmetric and the symmetric wrapping states. The symmetric wrapping states have mirror symmetry, and they are wrapped only by one layer of membrane. The asymmetric wrapping states refer to those possessing no mirror symmetry, which are usually encountered if the particle is wrapped by several layers of membranes. We should mention that the wrapping transitions in this diagram are all continuous, which is different from those in 3D case [32] .
Note that we have not observed the unwrapped configuration region and the discontinuous transition as observed by Cao et al. [44] and Deserno and Gelbart [16] . The plausible reason is that the vesicle volume is not fixed in this work. For a vesicle with a fixed Fig. 3 Possible configurational states of the charged particle-vesicle system with different relative particle sizes R 1 /R 2 and different φ A . The radius of particle is changed from 1.0a to 14.0a, and φ A is changed from 0.05 to 1.0 with the constant charge density ρ A = −1.0e/a 2 . The other parameters of this system arẽ κ = 0.1, Q 1 = 30.0ē and R 2 = 31.8a volume, when charged particle is approaching, the vesicle will be reluctant to change its shape to wrap over the particle because it has to change not only the shape of the membrane region near the particle but also the shape of the other membrane patch in order to make the total volume fixed, which will cause a relatively big bending-energy to increase at the beginning of the approaching. The combining effect of this bending-energy increase and the electrostatic energy decrease will result an energy barrier between the transition from the unwrapped to the wrapped states, which will further imply a discontinuous transition between these two states. On the other hand, if the total volume is not fixed, as the charged particle is approaching, the vesicle shape can gradually deform and partly wrap the particle, and the bending energy will not rise too fast, which implies no energy barrier and no discontinuous transition for this case.
The particle size and the charged density are two important factors that determine the final wrapping configurations. Overall, a charged vesicle can completely engulf an oppositely charged particle for an appropriate particle size R 1 and an intermediate electrostatic interaction (see Fig. 3 ). If the particle is too big then it will be difficult for the vesicle to swallow the particle. When the electrostatic interaction is weak, the attractive interaction is not large enough for the vesicle to wrap over the particle completely. While the electrostatic interaction is too strong, it is also difficult for the vesicle to wrap more particle because of the hardening effect and the effective-transportation-frozen effect of the charged components. So the final equilibrium configuration of the charged vesicle-particle complex is mainly mediated by the competition between the bending energy of the vesicle and the electrostatic energy.
The particle size effect has attracted attention both experimentally and theoretically [20, 21, [45] [46] [47] . For example, the particle-(oblate) vesicle system with different volume ratio has been studied by Cao et al. [44] . In the current work, the influence of the particle size is also manifested. As shown in Fig. 3 , where R 1 /R 2 is between 0.05 and 0.13, the three wrapping states can be observed by tuning φ A . The probability of observing complete wrapping states will be smaller for larger particles. When relative particle size R 1 /R 2 is bigger than 0.13, only shallow wrapping and deep wrapping states are witnessed and the probability of observing deep wrapping states decreases with increase of R 1 . If R 1 is larger than 12.0a or R 1 /R 2 > 0.4, only slightly wrapping states can be observed. The influence of R 1 /R 2 is shown in Fig. 4 for a given φ A = 0.2. The wrapped area of particle becomes larger for a bigger R 1 /R 2 , however, the wrapped fraction of particle will be smaller with increase of R 1 /R 2 . When the relative particle size is larger, it will cost higher bending energy to wrap the particle completely, and thus the complete wrapping state can hardly form. However, we also have to note that, when the relative particle size is small, the curvature in the wrapping area will be very high and it also costs high bending energy. Figure 5 also shows the total charge q of the wrapping membrane patch and the overcharged number q of the wrapping complex for different particle sizes in Fig. 4 . Because the total wrapped area of the particle is increased with the particle size, the total number of charges |q| increases as well. The wrapping complex is positively overcharged for all R 1 and it is heavily extremely overcharged for small particles. Therefore, for small particle it is easier to attract the negatively charged membrane near the wrapping complex to form the asymmetric complicated membrane conformations such as those shown in Fig. 4a -c. Some experimental systems have also reported the influence of particle sizes. For example, Qaddoumi et al. have researched the uptake of PLGA nanoparticles with different sizes (100nm, 800nm and 10μm) in rabbit conjunctival epithelial cell layers, and it is found that Fig. 5 The total charge q of the wrapping membrane patch directly contacting the particle and the overcharged number q of the directly wrapping complex for different relative particle sizes R 1 /R 2 in Fig. 4a-l the nanoparticle with 100nm can be more easily wrapped [48] . This finding qualitatively agrees with our above finding.
The influences of the electrostatic interactions are much more complicated. It is not only because the mechanism is sophisticated but also because there are many ways to affect the overall electrostatic interaction, such as the area fraction of the charged component, the charge density of the charge carrier and the total number of charges on the particle. These factors will contribute to the final intensity of electrostatic interactions. In the following, we try to discuss the subtle differences between these influences. The charged fraction of the vesicle membrane φ A is defined as the averaged area fraction of the charged component A, ρ A is the charge density of component A which is fixed for the current case, and the total charge number of the vesicle Q 2 is determined by ρ A and φ A , i.e.
It is expected that increasing φ A will make the vesicle tend to completely wrap the particle as shown in Fig. 6a-d , since the larger φ A implies stronger attractive interaction between the vesicle and the particle. It is interesting to note that further increasing φ A will enhance the electrostatic repulsion among the negative charge carriers (component A) and result in the hardening of the membrane, and the oppositely charged particle can only be deeply or even shallowly wrapped ( Fig. 6e-k) . The hardening effect of the membrane can be easily understood in the following way: increasing φ A obviously makes the self-electrostatic repulsive force of the vesicle membrane stronger, and the energy cost for deforming the membrane will be higher. It can be viewed as the increase of membrane rigidity, and this effect has actually been discussed in some other works [49] [50] [51] . In addition, the effective-transportation-frozen effect of the near-ceiling area fraction of charged components is also playing a very important role. Because the local concentration of component A cannot exceed 1.0, when φ A is approaching its ceiling value 1.0, the local concentration of A can only vary very little which effectively weakens the apparent transportation of the charged component. When the transporting rate of the charged component is weakened, it is very hard for the vesicle to redistribute the charged component freely to form a complete wrapping state. In the extreme case φ A = 1.0 (the curve k on the right part of Fig. 6 ) the charged component cannot redistribute at all. When φ A is 0.9, the maximum variation of A component near the wrapping complex is only about 0.1.
The charge density ρ A should be understood as charges carried by a membrane segment with the pure charged component A divided by its length element s, i.e. ρ A = dQ/ds. In the real membrane system, ρ A measures the ratio of the charge to its cross-section area of a single charged lipid molecule. The total charge Q 2 of the vesicle depends on ρ A and φ A . Although increasing ρ A and φ A will both increase the total charge of the vesicle, their roles of mediating the final configuration of the complex are slightly different. As discussed above, increasing φ A will first increase the wrapping fraction of the particle but further increasing φ A will decrease the wrapped area of the particle. The influence of ρ A is more complicated depending on φ A . When φ A is small, increasing ρ A will always make the vesicle wrap more area of particle (Fig. 7A ). On the contrary, when φ A is relatively large, increasing ρ A will make the vesicle reluctant to wrap the particle mainly due to the hardening effect of the charged membrane (Fig. 7B ).
Formation of complicated configurations
The axial symmetry of the vesicle could be broken by the competition between the longranged electrostatic interactions and local bending elasticity of the membrane according our previous 3D work [35] . Here, the mirror symmetry of the configuration of the charged vesicle-particle complex can also be broken by increasing Q 1 and the size of vesicle, and some very complicated vesicle configurations can be formed.
Some typical complicated states are shown in Fig. 8 . It is seen that, for relatively high Q 1 , a normal complete wrapping state (Fig. 8c ) will firstly appear. The dynamics will stop at this point if the Coulomb interaction is weak. However, as can be seen from Fig. 8d l, the vesicle membrane continues to wrap over the particle because of the large attractive interaction. Afterwards, the wrapping part with one double folded layer (Fig. 8f ) is gradually formed. Finally, the folded state becomes mirror symmetric again with some parts of the particle surface wrapped by the vesicle membrane twice. The time evolutions of all energetic contributions to the total free energy have also been shown separately in order to present a clear picture about the competition between these different energetic contributions. They are different from previous energy curves that there are two metastable states or local minima during the formation of the folded state. The two metastable states correspond to an ordinarily completely wrapping state ( Fig. 8e) and an asymmetric folded state (Fig. 8h ), respectively.
When the total particle charge is very high and the vesicle size is large, some very interesting vesicle configurations are observed ( Fig. 9 ). In particular, the configuration of Fig. 9b is at least formally similar to the myelin structure formed by the Schwann cell wrapping over the axon of a neuron. Although, the mechanism of myelination [38] [39] [40] is 
Influence of the mixing free energy
The second term in (1) is the Ginzburg-Landau free energy which describes the interaction between components A and B [33, 41] . In order to focus on the electrostatic interaction, the phenomenological coefficients are set to 0 while b is set to 1.0 in the above context, and therefore there is basically no phase separation observed before. Here, we show some preliminary results of non-vanishing a 2 and a 4 in order to demonstrate that the phase separation will greatly complicate the final configurations. Specifically, a 2 and a 4 are both set to 0.2 and b is set to 1.0.
Fig. 9
Two exotic vesicle shapes (meta-stable) are observed when the total particle charge is extraordinarily big (Q 1 = 400.0ē) and the charge density of the lipids is relatively small (ρ A = −0.1e/a 2 ). Pure blue corresponds to φ A (s) = 0 on the membrane segment s while pure red φ A (s) = 1.0 in the figure. The charged particle is denoted by a green circle. The model parameter setting for these two results is the same but with different initial vesicle states: a's initial state is round while b's initial state has been elongated. Parameter setting: φ A = 0.3,κ = 0.1, 2πR 2 = 300a and R 1 = 10.0a Fig. 10 The equilibrium shapes and their corresponding charged component distributions where the coefficients a 2 and a 4 are set to 0.2. In the equilibrium shapes, the heavily charged membranes are denoted using red curves (> φ A ) while neutral or slightly charged membranes denoted blue (< φ A ). φ A from (a-j) are 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0, respectively. The other parameters areκ = 0.1, Q 1 = 30.0ē, ρ A = −1.0e/a 2 , R 1 /R 2 = 0.13
The equilibrium shapes and their corresponding charged component distributions are shown in Fig. 10 when the mixing free energy is considered. No matter φ A is too big or too small ((a) and (i)), no phase separation can be observed, which is similar to the situation when a 2 is set to 0. When φ A is 0.2, the charged components are mainly gathered around the particle (s = 100) and only two phase domains are observed on the vesicle (Fig. 10b ). More phase domains show up as φ A increases. For example, when φ A is 0.5 (Fig. 10e , lipids on the vesicle is separated into 12 phase domains. The number of phase domains decreases when further increasing φ A (Fig. 10e-h) . Actually, changing a 2 and a 4 will result in more complicated configurations. Here, it is worth mentioning that the phase separated domains might correspond to RAFT formed in the biological cells. However, the systematic investigation of the influence of the mixing free energy is worth conducting and it will be presented in our future work.
Influence of the screening length
Following the Debye-Hückel approximation [42] , the electrostatic interaction can be expressed as (2) and (3). When the screening length λ D is large enough, (2) and (3) are reduced to (6) and (7) and the above results are obtained in this limit. Figure 11 shows the influence of different screening lengths on the final vesicle configurations. The blue-colored shapes show the equilibrium configurations without screening effects. The red configurations are for the case of λ D = 100a while the green ones for a small screening length λ D = 5a.
It is expected that when λ D is large, the final configurations will be similar to those without screening effect (see blue and red configurations in Fig. 11 ). It is also expected that when the screening effect is manifested (or λ D is small), the vesicle will be reluctant to wrap over the particle since the electrostatic interaction between the vesicle and the particle has been weakened by the screening effect. This is the case when φ A is small (see green and blue shapes of (a)-(d) in Fig. 11 ). Nevertheless, it is a little counterintuitive when φ A > 0.5 where the screening effect renders the vesicle more willing to wrap over the particle. This phenomenon can be easily understood by noticing the fact that the screening effect has actually also weakened the hardening effect of the charged membrane, which favors a shallow wrapping state. Overall, counterions not only screen the electrostatic interaction but also 'screen' the other influences such as the influence of the concentration of the charge Fig. 11 The equilibrium shapes with different screening lengthes λ D . φ A from (a-j) are 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0, respectively. The other parameters areκ = 0.1, Q 1 = 30.0ē, ρ A = −1.0e/a 2 , R 1 /R 2 = 0.13 component, which has effectively enlarged the deep-wrapping window (including completewrapping) from 0.05 ≤ φ A ≤ 0.6 for λ D = ∞ to 0.27 ≤ φ A ≤ 1 for λ D = 5a.
Conclusions
In this paper, the wrapping of a charged particle by a charged vesicle has been systematically studied by a series of 2D simulations. In particular, various influences on this charged vesicle-particle system have been investigated.
The electrostatic interaction between the membrane charged component and the oppositely charged particle would induce the charged components gathering around the particle on the membrane in order to form the wrapping complex, and this will greatly facilitate a complete wrapping state. The complete wrapping state can be observed only when φ A is intermediate and the particle size to vesicle size ratio is small. Higher φ A is not always favorable to achieve complete wrapping due to two effects: (1) the hardening effect of charged membrane; (2) the effective-transportation-frozen effect of charged components. The effective-transportation-frozen effect has been seldom mentioned before. When the particle is heavily charged and relatively small, the oppositely charged vesicle and particle might form a complicated asymmetric state with the particle being wrapped by a few layers of the vesicle membrane. The effect of mixing free energy between the charged and neutral components as well as the screening effect of counterions is also investigated preliminarily.
Although only two-dimension simulations have been investigated in this work, hopefully, this study can still provide a useful hint and meaningful insight into the mechanism of endocytotic and exocytotic processes and some typical structure formation in the biological cells.
